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ABSTRACT

Author: Babaria, Nishant B. MS
Institution: Purdue University
Degree Received: August 2018
Title: MR-compatible Electrophysiology Recording for Multimodal Imaging
Major Professor: Zhongming Liu
Simultaneous acquisition of functional magnetic resonance imaging (fMRI) and
electrophysiological recordings is an emerging multimodal neuroimaging strategy for studying
brain functions. However, the strong magnetic field generated during fMRI greatly degrades the
electrophysiological signal quality during simultaneous acquisition. Here, I developed a low
powered, miniaturized, system – “ECHO” which delivers a hardware and software solution to
overcome the challenges presented by multimodal imaging. The device monitors fluctuations in
electromagnetic field during fMRI and synchronizes amplification and sampling of
electrophysiological signals to minimize effects of gradient and RF artifacts (electromagnetic
artifacts). Furthermore, I introduced a concept of wirelessly transmitting recorded data through
the MRI receiver coil. ECHO transmits the data at a frequency visible to the MRI receiver coil,
after which the transmitted data is readily separable from the MRI image in the frequency
domain. The MR-compatibility of the recorder was evaluated through a series of experiments
with a phantom to study its effects on the MRI image quality. To further evaluate the
effectiveness of ECHO, I recorded electrocardiogram and local field potential (evoked potential)
in live rats during concurrent fMRI acquisition. In summary, ECHO offers a ‘plug and play’
solution to capture artifact-free electrophysiological data without the need of expensive
amplifiers or synchronization hardware which require physical connection to the MRI scanner.
This device is expected to make multimodal imaging more accessible and be applied for a broad
range of fMRI studies in both the research and clinical fields.
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1. INTRODUCTION

The curiosity to understand the human anatomy and physiology can be traced back to the first
civilizations on Earth. The advancement in medical technology has further instigated this curiosity.
Each one of the 11 major systems which makes up the human body is a miraculous solution to
address a set specific biological needs to grow and thrive. Although, the underlying detailed
mechanisms of many of these systems are still unknown. Throughout the 20th century, great strides
have been made in our understanding of these systems through the innovations of imaging tools
and techniques. This has enabled the study of live subjects under normal biological conditions.
The nervous system, specifically the brain, has been the focal point of many revolutionary studies.
Many noninvasive imaging tools have been developed to study the anatomical structures and
physiology of the brain. These developments have allowed us to better understand the brain and
uncover ways to treat it in sickness. Although there are many technical improvements which can
further advance the field of neuroscience by providing higher resolution data and greater
accessibility to clinicians and researchers alike.

Background
The advent of magnetic resonance imaging (MRI) revolutionized the field of medicine and
research. MRI provided an unparallel spatiotemporal resolution when considering other imaging
modalities such as X-Ray or positron emission tomography. The MRI has a spatial resolution on
the order of millimeters and a temporal resolution on the order of seconds [21] (Figure 1). MRI is
a noninvasive imaging tool and does not utilize any detrimental radiation to carry out its function.
For these reasons, MRI has emerged as the most widely used imaging tool in the clinical and
research market and has grown into a multi-billion-dollar industry [13].
An MRI imaging technique known as fMRI (functional magnetic resonance imaging)
provides clinicians and researchers an avenue to study the activity of the brain. fMRI relies on
blood-oxygenation-level dependent (BOLD) signal to capture brain activity. Oxygenated blood is
diamagnetic, which means that it has zero magnetic moment. On the other hand, deoxygenated
blood is paramagnetic and has a magnetic moment. This change in the magnetic property of the
blood drives fMRI imaging because paramagnetic substances distort their surrounding magnetic
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field and are visible to certain MRI imaging sequences (T2* sequences) [22]. A variety of
physiological studies have shown the strong coupling between metabolism, blood flow, and brain
activity [5, 10, 22, 36] (Figure 2). This noninvasive imaging technique provides the same level of
high spatial resolution as MRI, but the temporal resolution is still low, on the order of seconds.
This is the result of the hemodynamic response which drives the BOLD response. The BOLD
signal has a bandwidth of <1Hz, which restricts the speed of the entire imaging system.

Figure 1: A graph comparing and contrasting the spatiotemporal resolution of different invasive(red) and
noninvasive(blue) imaging modalities [21].

Another method of studying the brain and other biological organs is through monitoring and
recording their electrical activities. Methods such as electroencephalogram (EEG), local field
potential (LFP), and single unit activity (SUA) are some of the electrophysiological (EP)
monitoring techniques used to record the activity of the brain. EP signals provide high temporal
resolution, on the order of milliseconds, which makes them integral in studying the rich dynamic
brain activity [21, 33]. Although, the EP signal spatial resolution is on the order of centimeters,
which is poor compared to MRI standards [21] (Figure1). The electrical activity recorded at the
scalp is generated by a group of neurons firing in a quasi-synchronized manner [12, 18, 34]. Thus,
the EP signal spatial resolution is dependent on the prediction accuracy of these underlying current
sources which generate the electrical activity. These factors and signal origins lead to the low
spatial resolution.
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Figure 2: fMRI results showcasing the coupling between neural stimulation and BOLD response [10].

Motivation
The two methods discussed so far present their own set of advantages and disadvantages. EP
signal recording provides a high temporal resolution but has poor spatial resolution. Thus, this
technique is great at displaying information about when certain brain activity took place. On the
other hand, fMRI provides a high spatial resolution, but a low temporal resolution, making it a
great tool for seeing where a certain activity took place. Researchers have long since acknowledged
the complementary nature of these two modalities and have sought to understand how they are
related. The underlying mechanisms which drive fMRI and EP recording are very different. fMRI
captures the BOLD response, whereas EP recording captures the propagated currents produced by
the neurons. The frequency bandwidth of the two signals is also significantly different as EP signal
can range up to 100Hz, whereas BOLD response is limited to under 1Hz. Despite these differences,
studies have found a correlation between BOLD signals and alpha and beta rhythms (EEG) [16,
26]. Furthermore, a high correlation between BOLD signal and other EP signals such as LFP was
found in studies by Logothsis et. al. [27]. The strong connection between BOLD and EP signals
have provided motivation to further explore their complementary benefits in the clinical field.
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In the clinical setting, fMRI/EEG multimodal imaging has been motivated by the need to
accurately and precisely locate the origins epileptic seizures. Epilepsy is a brain disorder which
afflicts millions of individuals around the world [32]. The annual cost associated with treatments
for epilepsy is estimated to be $15.5 billion dollars in the U.S [32]. This financially burdens not
only the patients, but also the medical system as efficient diagnosis is still difficult. Epilepsy
presents a unique challenge in medicine because brain dynamics among epileptic patients vary
greatly. Thus, each patient requires a personalized diagnosis and treatment plan. Due to these
challenges, there is a need for a noninvasive imaging platform such as fMRI/EEG which can
provide a high spatiotemporal resolution and pave the path for development of novel treatment
plans with improved success rates and a better quality of life for patients [6].

Challenges
Despite the need and benefits of multimodal imaging, severe technical challenges currently
impede the progress of this technology. Simultaneous acquisition of EEG and fMRI has shown to
produce deterioration of EEG signal-to-noise ratio (SNR) due to the large electromagnetic (EM)
fields generated by the MRI [29]. On the other hand, the EP recording equipment and cables pose
a safety concern for the patient and jeopardize the quality of fMRI results [4]. Due to these
obstacles, previous studies in the multimodal field have resorted to recording EP and fMRI data in
different sessions [7, 15, 39]. These pioneering studies provided the foundation for multimodal
imaging, but it is crucial that the two modalities are performed simultaneously to synchronize the
two data sets [8, 28]. More recent studies are working to use improve the EP SNR by exploring
different recording techniques such as sampling between EM disturbances in MR imaging
sequences (silent periods) using well shielded cables and high-end EP signal acquisition systems
[3, 25, 30]. Although, major obstacles remain in the effort to make this technology readily
assessible and provide robust performance from session to session.
1.3.1 MR-safety
Careful consider needs to be given when designing a medical device intended for use in
the MR-environment. Such medical devices can be categorized as either MR-compatible or MRsafe. MR-safe devices do not present a safety hazard to the patient or the user but may deteriorate
the quality of the MRI image by introducing image artifacts. On the other hand, MR-compatible
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devices are MR-safe and do not degrade the performance of the MRI [24]. For multimodal imaging,
it is critical for the EP recording system to be MR-compatible since both the EP and the fMRI data
are required for proper diagnosis. To comply with MR-compatibility standards, it is important to
remove all ferromagnetic materials from the construction of the medical device. Materials such
aluminum, copper, and acrylonitrile butadiene styrene (ABS) provide a good alternative for
building electrical and mechanical components for the device. Semiconductor devices are
particularly useful in constructing electronic devices for MRI applications. Integrated circuits (IC)
are inherently MR-safe and can also be MR-compatible depending on the materials used in their
packaging. In addition to components and materials used to construct the device, it is also
important to consider the MR-compatibility of the leads which interface with the patient. NonMR-compatible can heat up from excess RF deposition (quantified by the specific absorption ratio:
SAR) and pose a safety concern for the patient or subject [4]. Thus, leads with lower levels of SAR
need to be used for multimodal applications with appropriate electrical protection between the
recording system and patient.
1.3.2 Electromagnetic Artifacts
The MRI uses a variety of static and dynamic magnetic fields to image the subject.
Unfortunately, this creates a hostile environment for electronics due to electromagnetic coupling.
The three major sources of EM noise inside the MRI include 1) the strong static magnetic field, 2)
the excitation RF pulses, and 3) rapidly changing gradient field.
The strong static magnetic field is used by the MRI to align polar molecules in the subject
for imaging. The strength of this field can vary based on the strength of the scanner (1.5T, 3T, etc.).
The static field by itself does not cause EM artifacts, but instead the artifacts are caused by the
slight movements of the subjects being imaged. The strength of these artifacts depends on the
severity of the movement, but they can be recorded on the order of µV [14]. EP signal are also on
the order of µV and many times the bandwidth of these movement artifacts and that of the EP
signal are within the same range. This increases the difficulty of isolating the signal of interest and
many times leads to a reduction in signal SNR. The most prevalent movement artifact is the
ballistocardiograph artifact (BGA) produced by the cardiac pulsation. Multiple effective methods
have been developed to remove or reduce the contribution of BGA which include the averaged
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artifact subtraction method and the adaptive filtering technique [2]. These BGA removal methods
rely on post-process filtering.
RF pulses are used in MRI imaging to excite the polar molecules (i.e. water) inside the
subject for imaging purposes. Aliasing of the high frequency RF pulses can cause artifacts on the
order of 100µV in EP data. This presents a greater danger than movement artifacts since RF
artifacts are stronger and can aliases to frequencies which are within the bandwidth of EP signals
[2]. The strength of the RF artifacts depends on the number and size of conductive loops in the
recording system. This includes loops on PCBs constructed for analog processing. Thus, care
needs to be taken to design recording electronics without lengthy traces or looping transmission
cables [23].
Lastly, the gradient field presents the greatest challenge in recording EP signals during
simultaneous fMRI. The gradient pules are used to provide spatial localization of voxels during
RF echo reception by the MRI receiver coil. Gradient pulses are greatly prevalent throughout fMRI
imaging sequences as they are employed for the appropriate encoding of each voxel. Thus, artifacts
produced by gradient pulses contribute most substantially to the EM noise induced onto EP data.
Further yet, the strength of the gradient pulses is on the order of millivolts and can thus severely
cripple the EP signal SNR [3] (Figure 3). Some the current solutions to combat the effects of
gradient artifacts include methods and material for recording setups to reduce EM interference,
post processing the recorded data, and recording during the silent periods of the imaging sequence.
Choosing the appropriate leads and cables for EP recording can significantly improve the signal
SNR. It is beneficial to have shorter, twisted leads with no loops to reduce the induced EM artifacts
inputted into the recording system [23, 31]. Additionally, most current systems employ postprocessing to filter out the gradient artifact and salvage the EP signal [38, 40]. These recording
systems do not actively reject the gradient or other EM artifacts during acquisition, but instead
amplify them and digitize them along with the signal of interest. Furthermore, many postprocessing techniques require proper synchronization of the EP data and the fMRI imaging
sequence to accurately filter the data. This in turn makes the recording system cumbersome and
invasive to the MRI system as a wired connection of the MRI clock needs to be provided to the
recorder. Ultimately, these methods have severe shortcomings as the bandwidth of the artifacts
and the EP signals overlap, making it impossible to completely extract out artifact-free EP signal
[29].
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Figure 3: EEG recording from a multimodal imaging session displaying the effects of gradient artifacts on each
channel [29].

More novel approaches, such as that proposed by Anami et. al., are providing an elegant
solution to removing EM artifacts. The stepping stone sampling method removes EM artifacts by
synchronizing its sampling with that of the MRI clock and only sampling during the silent periods
in the imaging sequence [3]. This technique works to remove the EM artifacts by essentially
“skipping” over them and reducing their influence on the digitized data. The EEG/fMRI results
from Anami’s experiment shows the efficacy of this sampling technique and the minimal need for
post-processing to display artifact-free data (Figure 4). Although, the application of the stepping
stone technique is not readily translatable into wide-spread use because it still requires bulky
amplifiers and a hardwired connection to the MRI clock for synchronization. Furthermore, such
experimental setups used long cables to pull out the analog EP signal from the MRI scanner for
amplification and processing. The overall premise of Anami’s work has formed the solid
foundation for the proposed solution of this thesis project to develop a high performance
multimodal imaging platform.
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Figure 4: Artifact free EEG recording using ‘Stepping Stone” Method for multimodal imaging [3].

Proposed Solution
The challenges and expected benefits of multimodal imaging warrants the development of a
robust, plug and play device which can actively suppress EM artifacts and capture EP signals
during fMRI imaging. EP signals include neural signals discussed throughout this introduction,
but also electrocardiography (ECG) for the purpose of this project. The benefits of displaying
synchronized EP signal with fMRI images also requires the proposed device to operate under realtime restrictions. Utilizing the understanding of the special characteristics of EM artifacts
generated during fMRI imaging using an echo planer imaging (EPI) sequence, I have developed
the device called ECHO which synchronizes its operation with that of the MRI to capture high
fidelity EP signals (Figure 5). ECHO consists of three modules which function to sense, filter,
digitize, and transmit EP signals. 1) The analog circuit module consists analog filters, amplifiers,
and protection circuitry to capture the EP signal from the subject. 2) The adaptive sampling module
consists of the digital systems such as the microcontroller and the analog-to-digital converter
(ADC). It also includes the gradient detection circuitry which monitors the magnetic field within
the MRI bore and takes precautionary action to suppress the induced EM artifacts, and synchronize
with the MRI without any wired connections. 3) Lastly, the transmission module takes the
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packaged data and transmits it via USB or wirelessly through the MRI receiver coil. ECHO
provides a more comprehensive solution compared to the current instruments on the market. It
conducts majority of its signal processing on board the miniaturized printed circuit board (PCB)
which results in a better SNR in comparison to the large, bulky instruments currently used for
multimodal imaging. Hereafter, ECHO design and fabrication are described in detail, along with
methods executed to evaluate its functionality.

Figure 5: ECHO electrophysiology recording system.
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2. MATERIALS AND METHODS

Device Overview
ECHO was designed to work with the MRI and utilize its EM environment to trigger the EP
signal recording. ECHO’s incorporates a unique sampling algorithm with variable gain amplifiers
to sample the EP signal. The EP signal was only amplified and sampled whenever the magnetic
field inside the MRI bore was static. This operation ensured that ECHO’s analog systems did not
saturate and continued to accurately track the EP signal during portions of the imaging sequence
with static magnetic field.

System Power
The analog components on the system were powered using a reference IC, REF 2033. REF
2033 produced two stable output voltages of 3.3 V and 1.65V. REF2033 offered a high output
current of 20mA with a great line regulation of 3ppm/V. The microcontroller was powered using
a 3.3V linear regulator which was integrated into the FTDI FT234XD chip used for USB
communication. The analog and digital systems on the device were powered using isolated
supplies to reduce powerline noise for the analog components. This was a precautionary step taken
to ensure that any sudden current draw by the microcontroller would not load the analog
components’ power lines. A 5V power supply was provided through USB to drive the reference
and regulator chips on ECHO.

Analog Circuit Module
The analog circuit module was composed of 1) a differential input stage, 2) an active filtering
stage, and 3) a variable gain stage. The analog circuit’s function was to sense the EP signal and
provide the appropriate filtering and amplification to output a signal which could be digitized for
transmission back to the user’s computer.
2.3.1 Differential Input Stage
The differential input stage sensed EP signal from the subject using bipolar electrodes. The
differential stage converted the differential signal into a singled-ended signal for further processing.
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The differential input was protected by a clipping circuit from large induced voltages. The clipping
circuit was the first line of defense against strong induced EM artifacts encountered during MRI
operation. Schottky diodes (clipper diodes) were used to create the protection circuit. The clipping
circuit worked by allowing signals less than the feedforward voltage of the clipper diodes to pass,
while shunting larger signals. Given the wide range of EP signals from ECG to EEG, the strongest
EP response was within 10 mV [37]. Schottky diodes have a feedforward voltage as low as 250mV
at room temperature, which is an order of magnitude larger than the strongest EP response. Thus,
the clipper diodes would not distort or shunt EP signals and allow them to pass through the
protection circuit. BAS70 Schottky diodes were used to create the clipper circuit given their low
feedforward voltage (maximum 410mV) and a high breakdown voltage (70V). High breakdown
voltage was required to ensure that negative polarity artifacts did not short across the inputs, which
would yield the protection circuit inept. BAS70 also provided a small package with two diodes
required to create the clipping circuit. This allowed for a layout of a compact PCB. BAS70 had a
maximum current rating of 1 mA, thus current limiting resistors (R1 and R2 in Figure 6) were
placed in series along both the terminals of the differential inputs. 5.11kΩ resistors were placed in
series along both differential lines (Figure 6).

Figure 6: Schematic of the differential input stage. TP1 and TP2 resemble electrode inputs. e+ and e- is the output
differential signal.
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The cascaded differential lowpass filters followed the protection circuit. These passive
filters were tuned to provide a -40dB/dec roll off past the cut-off frequency of 15 kHz. The
differential filter added another line of defense against the EM artifacts by attenuating their high
frequency components (RF artifacts). It was critical to utilize high precision resistors (0.1% error)
to construct the differential filters to assure that the differential signal was not distorted due to a
mismatch in impedance between the input lines. The passive common-mode filters accompanying
the differential filters were tuned to have a cut-off frequency of 300 kHz. Once again, the
application of these common-mode filters on the differential lines called for high precision (high
precision capacitors ~1% error) components because any mismatch in their frequency response
would result in distortion of the EP signal. The common-mode filter cut-off was placed an order
of magnitude greater than the differential cut-off to assure that the differential filter capacitor value
was not affected by the capacitors used for common-mode filtering. The values for the differential
1

filter components was evaluated based on the following relationship: 𝑓𝑐 = 2𝜋(2∗𝑅)𝐶 . This
relationship was derived by representing the differential filter as a single ended one which
effectively resulted in 2*R impedance along the input line. Given the desired cut-off of 15 kHz,
the values stated in Figure 6 were chosen. The filter with lower resistor values was placed first in
the cascade to ensure that the proper resistance was seen by the signal to achieve the desired cutoff frequency. Capacitor values for the common-mode filters were chosen after deciding on the
resistor values as per the differential filter’s requirements. The common-mode capacitor values
1

were calculated according to the relationship: 𝑓𝑐 = 2𝜋𝑅𝐶 and stated in Figure 6.
After the differential filters, the signal was introduced to the instrumentation amplifier
(INA) which imposed a gain of 7.13 dB (2.27x) and added an offset of 1.65V to the output signal
(Figure 7). A stable 1.65V was generated by REF2033. INA826 instrumentation amplifier was
used on ECHO because it was a low powered chip (0.66mW), but still provided a high bandwidth
(1MHz) and a high common-mode rejection ratio (CMRR) (-115dB). High bandwidth was crucial
in this application because the gain switching technique implemented to record EP signals inside
the MRI was reliant upon the INA accurately tracking the differential signal. The CMRR of
INA826 provided protection against common-mode noise on the differential lines. In theory, the
induced artifacts were purely common-mode signal and should have been rejected by the INA.
Although, even with the precautions taken to match the impedance along the differential lines,
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there was still a slight mismatch (unavoidable in application) which results in the amplification of
the common-mode signal. Hence, to aid the recovery time of the INA in case of saturation, only a
gain of 7.13dB was applied at the INA stage. As per the INA826 datasheet, with a gain less than
20dB, the INA had a settling time of 12µs and a slew rate of 1 V/µs, which under ideal conditions
would allow the INA to recover from saturation within 12µs. This duration was within the
acceptable timeframe as per the timings of the EPI sequences (EPI sequence details provided under
‘Experimental Paradigms’).

Figure 7: Schematic of the instrumentation amplifier circuit. e+ and e- provide the input differential signal. RLD is
the output to the right leg drive circuit. INA_out is the single ended output from the instrumentation amplifier.

The common-mode rejection (CMR) was further improved by incorporating a right leg
drive (RLD) circuit. RLD operated by driving the potential on the subject’s body through a lowresistance, RL (Figure 8) [1]. RL came in parallel with the combined front-end impedance, ZF,
which was composed of the impedance of the common-mode filters and that of the parasitic
capacitances along the differential lines (Figure 9). This improved the system’s CMR by
1

attenuating ZF. ZF was modelled as 𝑍𝐹 = 𝑗𝜔𝐶 ||
𝑇

as 𝑉𝐶 =

𝑍𝐹
𝑍𝐹 +(

1
)
𝑗𝜔𝐶2

1+𝑗𝜔𝑅𝐶
2𝑗𝜔𝐶

and contributed to the common-code signal

∗ 𝑉𝑠 , where Vs was the EP signal from the subject. A small value of RL drove

down the total value of ZF, yielding it insignificant in influencing the common-mode signals. RL
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also added a safety barrier to protect the patient from electrical faults by limiting the current which
was grounded to the body. This assured that the subject in the in vivo experiments would not
behave as the primary current sink in case of an electrical fault while operating inside the MRI.
The RLD was implemented in a closed loop configuration by monitoring the input common-mode
signal at the programmable gain output of the INA (Figure 7). The bandwidth of the RLD was set
by R3 and C1 and was tuned to 4.36kHz. For regular applications, the RLD bandwidth is set to
encompass at least up to three harmonics of the power line noise (i.e. In the U.S., 60 Hz power line
noise dominates, so the RLD bandwidth would have a cut-off frequency of ~200 Hz) [1]. The RLD
bandwidth for ECHO was determined by observing the frequency spectrum of the gradient artifact
and selecting a cut-off frequency to encompass >90% of the energy of the artifact signal. From the
gradient power spectrum density (PSD), it was visible that majority of the gradient artifact power
was at frequencies below 4.36kHz (Figure 10). This step was taken to improve CMR of induced
gradient artifacts.

Figure 8: Schematic of the right leg drive circuit. RLD input provided from the programmable gain output of the
instrumentation amplifier. TP3 is the electrode attached to the subject or patient.
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Figure 9: Schematic of parasitic capacitance and common-mode rejection mismatch [1].

Figure 10: Power spectrum density of the gradient induced artifacts. Local maxima at 1.29kHz and 3.87kHz.

2.3.2 Active Filtering Stage
After the differential EP signal was converted to a singled ended signal by the INA, it was
further processed by a 2nd order, multiple feedback low pass filter (Figure 11). A multiple feedback
filter was utilized because it was less susceptible to component variations and offered a greater
level of stability compared to other higher order analog filter topologies. The transfer function of
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a multiple feedback filter was modeled as 𝐴 = −

1
𝐶1𝐶2𝑅1𝑅2
1
1
1
1
1
𝑠2 +𝑠( )( + + )+(
)
𝐶1 𝑅1 𝑅2 𝑅3
𝐶1𝐶2𝑅2𝑅3

, where 𝑠 = 𝑗𝜔.

1

The cutoff frequency was computed as 𝑓𝑐 = 2𝜋√𝑅2𝑅3𝐶1𝐶2. The 2nd order low pass filter was
designed as a Bessel filter to provide a linear phase response. Other filter types such as Butterworth
and Chebyshev filters provide a smoother frequency response or a sharper frequency cutoff, but at
a cost of a nonlinear phase response. A linear phase response assured that all the frequencies had
the same group delay, which was important to track rich EP data in time (Figure 12). The target
parameters for the active filter were to provide a gain of 0 dB and a cut-off frequency of 10 kHz.
Unity gain was applied at this stage because it was important to ensure that any artifacts which
may have been processed by the differential stage were not further amplified. The lowpass filter
further assured that the EP signals were passed freely, while any high frequency components of
EM artifacts were attenuated. The second order filer had a roll-off of -40dB/dec, which cascaded
with the differential filters provided severe attenuation to frequency components above 10kHz.
The active filter was tuned to have a quality factor of 0.58 to create the Bessel filter response. The
passive component values for the active filter are shown in Figure 11. The filter design was
validated via SPICE simulation. Resistor and capacitor values were chosen close to the ideal values
calculated to create the 10kHz cut-off and provide 0dB gain. The actual resistor and capacitor
values were used to run the SPICE simulation. Based on the simulation results, the actual filter
cut-off was at 11.5kHz and the gain was 0dB in the passband (Figure 13). This slight variation in
the lowpass cut-off was expected in application and was acceptable. The 2nd order filter was built
around the OPA314 operational amplifier (op-amp). OPA314 was a low-powered (Iq = 150uA)
op-amp with a high gain bandwidth (3 MHz) and low input noise (14 nV/√𝐻𝑧). The high gain
bandwidth was accompanied by a fast overload recover time (5.2uS) and high slew rate (1 V/uS),
which were important because it allowed for fast recovery from saturation and accurate tracking
of artifacts. The low input noise was important in EP recorder application because many biological
signals are weak (on the magnitude of sub-microvolts), so it is important to minimize the different
sources of noise which can drown out the signal of interest.

17

Figure 11: Schematic of the 2nd order lowpass filter. INA_out is the input and LPF_out is the output of the filter.

Figure 12: Group delay simulation results of Chebyshev, Butterworth, and Bessel filter implementation on the 2 nd
order lowpass filter comparing the ‘flatness’ of the delay in the passband.
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Figure 13: Frequency response of the 2nd order lowpass filter and the decoupling capacitor. Red line marks the 3dB high pass cut-off. Blue line marks the -6dB lowpass cut-off.

A decoupling capacitor was placed along the path of the signal from the INA output to the
filter input to remove DC. The capacitor value was determined by evaluating the total input
impedance of the filter and simulating its low frequency response to achieve the desired cut-off
frequency for the high pass filter. The input impedance of the multiple feedback filter was modeled
1

1

as 𝑍𝑀𝐹 = 𝑅1 + [(𝑅2 ||𝑗𝜔𝐶1)||(𝑅3 + 𝑗𝜔𝐶 )] using AC analysis. Using iterative SPICE simulations, a
2

capacitor value of 10uF was chosen as it provided a high pass cut-off close to 0.7Hz (Figure 13).
This ensured that slow EP signals such as local field potentials would not be attenuated. A larger
value capacitor was difficult to use due to their big size. The improvement in frequency response
would not have been substantial enough in the performance of ECHO to justify making a larger
layout. Furthermore, a larger value capacitor would have also increased the RC time constant,
leading a longer time to adjust to any change in the signal’s DC.
2.3.3 Variable Gain Stage
Following the active filter, the signal was amplified for accurate digitization by the variable
gain amplifiers. Two amplification stages were cascaded to provide a target gain of 54 dB (501x).
The gain was split evenly between the two stages to maintain equal bandwidth on each stage. The
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variable gain stage was at the heart of ECHO’s functionality, allowing it to avoid gradient artifacts.
It ensured that the gain was only applied when the magnetic field inside the MRI was static.
Otherwise, the signal of interest was attenuated. To achieve attenuation, both stages were designed
as inverting amplifiers. The reciprocal of the gain (-54 dB) was applied as attenuation.
Each stage was designed around OPA2314. This was the same op-amp as OPA314 but
contained two op-amps housed within a single chip. Two circuits were required because preceding
each amplifier, a buffer was placed to isolate the amplifier from effects of other impedance sources
present within the system. Furthermore, the buffer also reciprocated the same benefit for the other
modules in the system by isolating the amplifiers. The amplifier design consisted of three resistors.
Two similar value resistors were placed to form a traditional inverting amplifier with gain, 𝐴 =
𝑅2

− 𝑅1. A third resistor (R3) was added with one end connected to the inverting input node of the
amplifier and the other attached to the drain (Dx) of a CMOS switch (Figure 14). A single pole,
double throw (SPDT) CMOS switch was used on the ECHO system. ADG1436 provided a low
channel-to-channel crosstalk (-80dB) and off isolation (-80dB). Furthermore, ADG1436 had a low
on resistance of 1.5Ω which insured that the switch resistance would not influence the gain. The
two sources of the switch (SxA and SxB) were connected across either side of R1 and R2 (Figure
14). This ensured that R3 was always in parallel with R1 or R2. R1 and R2 had large values
(511kΩ), while R3’s value was at least an order of magnitude smaller than that of R1 or R2
(23.7kΩ). This ensured that R3’s resistance dictated the resistance seen along the signal pathway
when R3 came in parallel with R1 or R2. This provided ECHO with ability to modulate gain by
toggling the CMOS switch. The processed EP signal was then connected to the onboard
microcontroller ADC for adaptive sampling and transmission.
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Figure 14: Schematic of the variable gain amplifier. Only one amplifier is shown in this figure as both have the
same topology. LPF_out is the input and G1_out is the output of the first variable gain amplifier. Dx represents
drain connection to CMOS switch (bottom). SxA and SxB represent the source connections to the CMOS switch. INx
are control pins connected to the microcontroller.

Adaptive Sampling Module
ECHO’s adaptive sampling module was another component which drove its ability to avoid
gradient artifacts. The adaptive sampling module consisted of 1) the gradient detection circuit and
2) the microcontroller (embedded code). The gradient detection circuit was responsible for
providing the microcontroller a binary trigger which indicated the presence of gradient pulses. The
microcontroller was responsible receiving input from the gradient detection circuit and modulating
the gain of the variable gain amplifiers and ADC sampling accordingly. Furthermore, the
microcontroller utilized its onboard timers to monitor the period and duration of gradient artifacts
to take precautionary actions such as attenuating the EP signal before the arrival of the next artifact.
2.4.1 Gradient Detection Circuit
The gradient detection circuit (GDC) was incorporated into ECHO’s design to provide the
ability to monitor electromagnetic changes (gradient pulses) in the MRI bore which caused
artifacts in EP recordings. The GDC used a copper pick-up coils to sense the changes in the
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magnetic field. When the magnetic field inside the MRI bore changed due to the gradient pulses,
an emf was induced onto the pick-up coils. GDC processed this voltage and outputted a binary
trigger. A logic high (3.3V) meant that there was no gradient pulse present to induce artifacts,
while a logic low (0V) signified the presence of a gradient pulse.

Figure 15: ECHO with resin holder. Z-axis coil visible on the left side of the holder.

The pick-up coils were incorporated into the holder which housed the entire device (Figure
15). One coil was perpendicular to the z axis of the MRI, while the other was perpendicular to the
x axis of the MRI. The coils were position in this manner because the gradient pulses and other
adjustment pulses (crusher gradient and slice selection gradient) were prevalent along the x and z
axis when acquiring axial slices. ECHO was tuned for this application because in most animal
fMRI studies, the brain is imaged using axial slices as reference materials have cataloged the brain
in this manner [34]. The coils were designed through a series of iterative experiments. A simplistic
view of the induced emf was taken to construct the coils. Faraday’s Law states that 𝐸𝑀𝐹 = −𝑁 ∗
𝜕𝐵

𝐴 𝜕𝑡 , where N is the number of turns, A is the area of the coil, and

𝜕𝐵
𝜕𝑡

is the change in magnetic

field. Given this relationship, the number of turns and the cross-sectional area of the coils were
maximized as allowed by the physical dimensions of the device holder. A 35 turn coil was created
perpendicular to the x-direction and a 50 turn coil was created perpendicular to the z-direction.
The area of the z-axis coil was 3.14mm2 and that of the x-axis coil was 7.07mm2. The coil
perpendicular to the z-axis was supplied greater number of turns because its cross-sectional area
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was smaller compared to the x-axis coil. The holder dimension and fabrication information are
discoed under the ‘ECHO Holder’ section. The coils were tested with the 7T Bruker animal MRI
on Purdue Campus. The x and z coils were connected in series and the induced voltage was
monitored using a differential probe and recorded using the National Instruments DAQ (Figure
16). A major design point for the coils was to assure that a voltage greater than 0.3V was generated
because the pick-up coil signal needed to be rectified for processing using a single supply system.
The signal from the pick-up coils was used to design GDC.

Figure 16: Gradient induced signal captured by the pick-up coils. The graph shows the gradient profile for the
duration of one slice acquisition using EPI sequence.

The pick-up coil signal had both positive and negative components and primarily needed
to be rectified to capture all the changes in the magnetic field. A pair of 3.3V Zener diodes were
placed across the differential input from the pick-up coils. This was a safety measure implemented
to assure that induced voltages greater than 3.3V would be shunted to preserve the integrity of the
low powered IC’s used for processing. The Zener diodes used in this design were BZB984, which
offered a two diode packaged on a SMD chip. The diodes were arranged in the configuration
shown in Figure 17, which provided a single chip solution for the protection circuit. Following the
Zener diodes, the pick-up coil signal was rectified using a full-bridge rectifier. The diodes used to
construct the full-bridge rectifier were BAS70. BAS70 was used because it offers a high reverse
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breakdown voltage (70V) and a low feed forward voltage of (maximum 410mV). The low feed
forward voltage ensured that the minimum amount of voltage drop occurred during rectification
of the signal (i.e. the signal amplitude was not severely attenuated). After being fully rectified, the
differential signal was converted into a single ended signal using INA826. INA826 applied a gain
of 4.4 dB (1.66x). A 1MΩ resistor was used to short the inputs of the INA (Figure 17). The coils
behaved as inductor and store energy. The 1MΩ resistor was included to discharge the coil (negate
the inductive effect), so pick-up coil signal would read 0V when no gradient pulse was present.
Once the pick-up coil signal had been rectified, it required further amplification and
filtering. A slight DC (400 mV) was present on the INA output in part due to the 1MΩ resistor
used to discharge the coil inductor. Thus, a passive high pass filter was included after the INA
before the signal was further amplified. The high pass filter cut-off was placed at 1Hz using the
passive components shown in Figure 17 (‘Filter, Amplifier, and Comparator Circuit’). The signal
was then amplified using a non-inverting amplifier. A non-inverting amplifier was used because
the rectified signal would saturate the amplifier on the negative rail (0V) if it was inverted. One
op-amp on OPA2314 was used to carry out the amplification (the other op-amp on the chip was
used as a comparator discussed hereafter). The singled-ended pick-up coil signal was amplified by
24.19dB (16.2x). A passive lowpass filter was incorporated after the amplification to remove any
high frequency noise which would cause false triggers. The amplified and filtered signal was then
converted into a binary trigger (gradient trigger) using an inverting comparator. The threshold
voltage for the comparator was selected through a series of experiments. A threshold voltage of
0.3V was chosen because it offered a stable trigger and was above the slight oscillations which
could cause false triggers. A stable 0.3V reference was produced using a buffered voltage divider
circuit. A logic high signified that there was no danger of gradient artifact corruption, while a logic
low signified possibility of gradient artifact corruption. Ultimately, the gradient trigger was
inputted into ECHO’s microcontroller.
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Figure 17: Schematic of the gradient detection circuit. Input provided by the pick-up coils (‘COIL’) and the output
gradient trigger is connected to the microcontroller.

2.4.2 Microcontroller (Embedded Code)
The microcontroller managed the digital processing and the variable gain amplifiers on
ECHO. Given the gradient trigger, the microcontroller was able to assure that the gradient artifacts
were not amplified and sampled. ECHO design incorporated the MSP430F2132 mixed signal
microcontroller. This microcontroller was utilized because it offered a low powered solution
(0.55mW when active) with the necessary peripherals such as UART, timers, and a 10-bit ADC.
All these functionalities were packed in a small QFN package, which helped reduce the size of the
device.
2.4.2.1 Gain Control
The microcontroller’s highest priority task was to adjust the variable gain amplifiers to
avoid gradient artifacts. The two control pins of the ADG1436 CMOS switch (Figure 14; IN1 and
IN2) used in the variable gain amplifiers were connected to individual GPIO (general purpose
input/output) ports (VGA GPIOs) on the microcontroller. Toggling the VGA GPIOs controlled
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the gain of the amplifiers. The gain control algorithm was driven by the microcontroller timers.
MSP430F2132 was equipped with two independent timer modules, one with three
compare/capture registers and the other with two compare/capture registers. All timer operations
were capable of triggering an interrupt on the microcontroller. This provided the functionality of
linking higher priority tasks with higher priority interrupts, so that time sensitive tasks would not
be missed. It was important to monitor the duration of the ramping periods (gradient artifacts
induced during this period) and the plateau periods (no gradient artifacts induced during this period)
to adjust the duration of long gain (Gain+) was applied to the EP signal (Figure 18). A two timer
solution was implemented, where the parent timer monitored the gradient trigger duration and the
child timer manipulated the VGA GPIO based on commands from the parent.

Figure 18: The diagram is showing the synchronization of the fMRI imaging, gain control, sampling, and
the wireless transmission.

The gradient trigger was interfaced with the highest priority input capture timer interrupt
for the Timer1_A module (Timer1_A0; parent timer). The input capture configuration interrupted
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the microcontroller whenever the gradient trigger toggled (i.e. transition from a logic high to low
and vice versa). Timer1_A0 recorded the time when this transition occurred. The recorded time
was stored in a global variable and the duration of the ramping and plateau periods was computed
by taking the difference of the times between the toggles. The microcontroller activated
Timer1_A1 (child timer) whenever the parent interrupt was called on the rising edge of the gradient
trigger (high gradient trigger signifies plateau zone). The child timer waited 15µs before triggering
its interrupt and toggling the variable gain amplifiers into gain mode. The 15µs delay provided a
buffer time for any gradient artifact to pass. The child interrupt then loaded the appropriate value
into its countdown registered to be interrupted again when approximately 75% of the total plateau
period had elapsed. Upon being interrupted again, the child interrupt toggled the variable gain
amplifiers into attenuation mode in preparation for the next wave of gradient pulse. The 75% of
the plateau period was computed using the time data collected by the parent timer and averaged
over the course of the imaging sequence. This computation was done in real time with minimal
delays as only addition, subtraction, and shift operators were used to carry out the computation.
ECHO was programmed to only use 75% of the plateau period because this further ensured that
there would be sufficient buffer time before the next gradient pulse arrived.
Given the general layout of the algorithm, additional safety cases were incorporated to
ensure that the microcontroller would recalibrate itself if the gain control loop failed (parent and
child timer loops) (Figure 19). The parent interrupt had a case to switch the variable gain amplifiers
to attenuation mode when it was triggered on the falling edge of the gradient trigger. This safety
precaution was only necessary if the previously recorded plateau duration was incorrect and the
child timer was not able to switch the amplifiers to attenuation mode before the arrival of the next
gradient pulse. Furthermore, EPI imaging sequences had periods between each slice acquisition
where there were limited number EM pulses. This period between each slice acquisition was
variable depending the parameters of the imaging sequence and had a duration on the order of
milliseconds. For faster signals like animal ECG or evoked response, it was important to apply
gain to the EP signal between the slice acquisitions to capture all the rich EP dynamics. The child
timer enabled ECHO to keep the variable gain amplifiers in gain mode between the slice
acquisition. The child timer continued to count the time elapsed after switching the variable gain
amplifiers to attenuation mode and if the expected gradient pulse did not arrive after a pre-
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computed amount of time then the child timer was interrupted again, and the variable gain
amplifiers were switched to gain mode.

Figure 19: Gain control algorithm flowchart. (a) The main and sampling loop manages the sampling frequency and
transmission based on commands from the ‘Child Timer Loop’. (b) The parent timer loop monitors the gradient
trigger period and duration and relays this information down to the ‘Child Timer Loop’. The child timer loop
manages the variable gain amplifiers and synchronizes the single sampling.

2.4.2.2 Digitization (ADC Sampling)
Given the artifact free EP signal, the second responsibility of the microcontroller was to
properly sample the EP signal using the onboard ADC. MSP430F2132 came equipped with a 10bit ADC which had a resolution of 3.22mV. Given that the analog circuit had a total gain of 900x,
the overall resolution of the ADC with respect to the ECHO analog system was 3.58µV. It is
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important to note that the ADC had an error of < 1 𝐿𝑆𝐵, thus the accuracy of the ADC was only
reliable up to 9 bits or a resolution of 7.16µV. This effective resolution was sufficient for accurate
detection of the desired EP signals such as animal ECG, LFP, and evoked potential.
The ADC sampling was implemented on the microcontroller using the Timer0_A module
(ADC timer) which set the sampling frequency. The sampling frequency was determined by
analyzing the frequency of gradient trigger, which directly correlated with the frequency gain was
applied to the EP signal (i.e. amount of time useful EP signal was available for digitization). The
EPI sequence used for this project’s evaluation resulted in gradient trigger of 1.32kHz. Thus, the
minimum acceptable sampling frequency was 1.32kHz to assure that the ADC sampled at least
once per the high gain region given proper synchronization (Figure 18). The microcontroller had
overhead to handle a higher sampling frequency, so a sampling frequency of 7.272kHz was
programmed. The higher sampling frequency resulted in greater number of samples taken during
the high gain regions. A flag was implemented so that the ADC timer could communicate with the
child timer to avoid switching artifacts. Switching artifacts were generated due to the switching
between high gain to high attenuation. This artifact manifested itself as high frequency ringing in
the EP signal. The ringing was quick to subside as the settling times of the op-amps used in
ECHO’s analog circuit were on the order of nanoseconds. The flag simply helped adjust the
sampling point by a few microseconds to avoid these switching artifacts which followed
immediately after the child timer toggle the VGA GPIOs. With appropriate gain control and
digitization, the EP signal was accurately processed and made ready for transmission.

Transmission Module
The transmission module relayed the sampled data back to the user in real-time. A wired and
wireless transmission techniques were separately implemented on ECHO. The fully functional
prototype was constructed with the USB (wired) transmission solution, but the validity and
potential of a RF transmission (wireless) was demonstrated through this project. The adaptive
sampling algorithm described above does not vary greatly between the implementation of the
wired or wireless transmission. Major changes were related to the sampling frequency of the EP
signal which will be discussed hereafter.
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2.5.1 USB Transmission (Wired)
USB provided a high bandwidth transmission solution to relay the EP data to the user in
real time. 10 bits of data were transmitted using UART (Universal Asynchronous Receiver
Transmitter) communication protocol from the microcontroller to the FTDI FT234XD chip. The
FTDI chip translated the UART data into differential serial data as per USB communication
protocol. The data was sent in two 8-bit packets (bytes). Thus, six bits went unused for every
transferred data point. Given that the selected sampling frequency was 7.272kHz, a minimum baud
rate of 117 kbps was required to transmit the digitized data immediately upon sampling. Thus, a
standard baud rate of 128 kbps was chosen for communication. The UART transmission was
triggered by the microcontroller after the completion of every ADC conversion cycle. The UART
transmission was handled by the main loop of the embedded code. The ADC timer communicated
to the main thread via a flag to acknowledge the start of the ADC conversion. After which, the
main thread polled on the ADC control register to announce the completion of the ADC conversion
and then continued to transfer the digitized data into the UART transmission buffer. Furthermore,
to conserve power, the microcontroller placed itself into low-power mode between each
transmission. The transmitted data was reconstructed on the connected computer using a
conventional seral reader application. The data could be directly received by applications such as
MATLAB for further processing. For this project, an open software was utilized to visualize and
record the EP data. The software’s name was SerialPlot 0.9.0 and was developed by Hasan Yavuz
Ozderya (Figure 20).

Figure 20: Serial plotter application recorded simulated ECG waveform during benchtop test of the ECHO’s gain
switching function.

30
2.5.2 RF Transmission (Wireless)
RF transmission provided a novel method to communicate the recorded EP data. As
previously discussed, wires and bulky cables presented safety concerns for the patients, but also
played a part in deteriorating the signal fidelity. RF transmission was employed to explore a safer
and more effective avenue to relay EP data in real time. The digitized packets were wirelessly
transmitted through a low power ultra-high frequency (UHF) transmitter using binary frequency
shift keying (FSK). The carrier frequency of the RF signal was programmed within the bandwidth
of the MR-receiver coil, but outside of the frequency range for MR signal reception [18]. The
transmission power (-16dBm to +14dBm with 0.4dBm steps), carrier frequency (300.043MHz),
deviation frequency (9.6KHz), data modulation types (FSK) and data rate (19.2Kbps) were all
programmed and controlled through the microcontroller. Thus, for the wireless application, the
sampling rate was reduced to 1.32kHz and synchronized with each plateau period during the slice
acquisition. Each digitized data point was buffered and transmitted at the onset of the next plateau
period. It was important to synchronize the transmission in this manner because the MRI receiver
coil was only active during the plateau periods (Figure 18). The built in fractional-N PLL (Phaselocked loop) of the transmitter was utilized for narrow-band operation. The reference frequency
was generated through a crystal oscillator with a frequency tolerance and temperature stability of
10 ppm. Furthermore, frequency error in crystal reference were compensated indirectly through
an inbuilt compensation register so that the output can be varied at <1 ppm steps. A fifth order,
Chebyshev filter placed at the output of the transmitter ensured attenuation of third and fifth order
harmonics.
In addition to modification required on ECHO’s microcontroller, the MRI imaging sequence
needed to be adjusted to properly receive the RF communication from the UHF transmitter. The
FOV for imaging was extended along the readout direction to 256 points. This allowed the
reception of RF-modulated EP data without corrupting the MRI image information. The receiver
bandwidth was set to 333.333KHz to provide sufficient sampling rate for implementing FSK
modulation. The transmitted EP signals and the fMRI images were stored in the same file following
DICOM archiving standards. These DICOM files were processed using a MATLAB script isolated
the MR-data and non-MR data based on their respective frequency ranges. Once isolated, the mark
and space frequencies (represents binary ‘1’ and ‘0’) were identified by computing the PSD of the
non-MR data. After which, an asynchronous demodulation was applied to retrieve the data packets
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(UART data). The binary signal was recovered by applying two envelope detectors and a logic
synthesizer to the retrieved data packets to finish reconstructing the data. Furthermore, the script
stored the isolated MR image in a format compatible with the Bruker ParaVision software used to
reconstruct and view MR images.

ECHO Holder
ECHO and its peripheral coils were packaged using a 3-D printed holder (Figure 15). The
packaged device contained custom connectors for USB interface and microcontroller debugging.
Special care was taken when choosing the connectors for the device to ensure that they did not
contain any ferromagnetic metals. The holder was designed based on the dimensions of the Bruker
animal MRI bore. The holder was intended to be fixated on the side of the animal tray which
moved in and out of the bore along MRI’s z-axis. The animal tray had specific grooves which the
holder positioned itself into to position itself and thus the coil in a repeatable manner from session
to session. The holder dimensions were 19.25mm x 33mm x 21mm including the hand wound
coils. The CAD model was 3-D printed using resin to provide strength and flexibility to the holder
structure.

Experimental Paradigms
ECHO was evaluated through a series of benchtop and in vivo tests on a rat model. The
benchtop tests were aimed at evaluating the proper function of ECHO’s electronics outside the
MRI. Furthermore, phantom MRI studies were conducted to validate ECHO’s performance inside
the MR environment before moving onto live animals. Two in vivo studies were conducted, an
ECG/fMRI study and an LFP/fMRI study. These experiments validated ECHO’s functionality to
record EM artifact free EP signals. The EPI sequence used throughout this study had an echo time
of 16.5ms, repetition time of 604.41ms, image size of 128x64, and a FOV of 64x32. This EPI
sequence was slightly modified for the wireless transmission tests. The image size and FOV were
increased to 256x64 and 128x32, respectively. A 2-segment acquisition was implemented in this
case to keep the repetition time under 1000ms (974.442ms). The echo time was 16.521ms for the
wireless transmission EPI sequence.
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2.7.1 Subjects and Materials
A test tube with CuSO4 x 2H2O (1g/L) solution was used in the phantom study. Albino rat
species Rattus norvegicus was used in both the in vivo experiments. All subjects were healthy
males between the ages of 4-8 months. The Ag/AgCl, radiolucent ECG electrodes with carbon
fiber wires were utilized for their MR-compatibility (low SAR) in the ECG/fMRI study. Plastics
One platinum (Pt) electrodes were used for the neural LFP/fMRI experiments. The active electrode
diameter was 0.127mm and had a length of 3mm. The reference electrode was the same diameter,
but its length was 10mm so that it could be extended to contact the rat brain near the motor cortex
(surgical procedure described in the ‘In Vivo LFP/fMRI’ section). The electrode pedestal and its
inner connectors were made of plastic and copper (Cu) respectively to be MR-compatible. To
secure the electrode, nylon plastic screws were used. Similar types screws served to provide
ground and reference points on the skull. The ground wire and reference electrode were passed
through a 0.3mm hole drilled into the screws to make contact the brain. All experiments were
conducted using a Bruker animal MRI.
2.7.2 Benchtop Study
Each signal processing stage was evaluated during the benchtop test. The analog circuit
was supplied with a 500mV, 20Hz sine wave using a function generator to evaluate the gain after
the INA in the differential input stage. The signal was probed using an oscilloscope. Similarly, the
gain of the variable gain amplifiers was evaluated by inputting a 1mV, 20Hz sine wave. The
microcontroller was programmed to place the variable gain amplifiers into gain mode for the
duration of the gain test. The frequency response of the analog circuit was evaluated by executing
a logarithmic sweep from 1Hz to 100kHz over 5s. The amplitude of the sine wave 500 mV since
the signal had only 2.27x amplification along the signal path before it was probed. The signal was
probed at the INA output and the active filter output. The -6dB point for both the cases was
measured using the oscilloscope. The gain switching functionality of ECHO was evaluated by
providing a 1.32kHz rectangular wave to the gradient detection circuit input and programming the
microcontroller with the adaptive sampling code. A 1.2Hz simulated ECG wave was inputted into
ECHO. The serial plotter software was used to visualize the communicated data. Furthermore,
benchtop experiments with live animals were conducted to evaluate ECHO’s ability to record
neural signal (LFP). LFP was recorded from right somatosensory cortex (R-S1FL) under two
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conditions: variation of anesthesia levels and forepaw electrical stimulation. The surgical
procedure for this benchtop in vivo experiment is described in the ‘In Vivo LFP/fMRI’ section.
2.7.3 Phantom Study
ECHO’s operations were fine-tuned during the phantom study and showcased the validity
of wireless transmission. The phantom test tube was placed inside the MRI along with ECHO to
be imaged. The appropriate position for ECHO inside the MRI was found through iterative
experiments. The main goal in finding the appropriate position was to induce the largest voltage
onto the pick-up coil for gradient detection. Furthermore, the wireless transmission was tested by
supplying ECHO with a simulated ECG signal (3mV with 1.2Hz). The simulated ECG was
accordingly sampled and transmitted wirelessly through the MRI receiver coil. The wireless
parameters such as power and carrier frequency were further refined as per the results of the
experiments. The simulated ECG was isolated and reconstructed as discussed in the ‘RF
Transmission’ section.
2.7.4 In Vivo ECG/fMRI Study
The in vivo ECG experiment was first conducted to monitor a reliable and well-known biosignal to validate the device’s function inside the MRI [19]. The rat was anesthetized (3%
isoflurane in oxygen at 1L/min) and shaved at the site where the electrodes were placed. The
electrodes were placed in Einthoven’s Triangle formation. The signal was checked with a benchtop
Grass Cp511 Amplifier and ECHO to verify that it was functioning properly outside the MRI. The
rat was placed inside the MRI in supine position and the electrode leads were pulled out as straight
as possible to connect with ECHO. ECHO was placed adjacent to the rat at the foot of the animal
tray holder. The rat was kept under anesthesia with a continued supply of isoflurane throughout
the experiment (2% isoflurane in oxygen at 0.5L/min). The rat breathing rate and SpO2 levels were
constantly monitored with the use of Kent Scientific Rodent Pulse Oximeter and adjustments to
the anesthesia were made if needed. The animal tray was also continuously flushed with warm
water to act as a heating bed for the animal and help regulate its body temperature. The water
temperature was held constant at 40oC.
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2.7.5 In Vivo LFP/fMRI Study
The in vivo LFP/fMRI experiment was conducted to monitor evoked potential in the right
somatosensory cortex (R-S1FL) of the rat. The rat was prepared for the electrode implant by
administering painkiller (carprofen, 5mg/kg) before being anesthetized (3% isoflurane in oxygen
at 1L/min). The rat was then shaved at the site of the surgery and placed into a stereotaxic
instrument. A continued supply of isoflurane was administered to keep the rat anesthetized for the
duration of the procedure (2% isoflurane in oxygen at 0.5L/min). A heating pad with an active
body (rectum) temperature feedback was utilized to help regulate the rat’s body temperature. All
measurements taken to place the electrode were about the bregma. A 1mm hole was drilled into
the skull above the R-S1FL (AP+0.2mm and ML+3.5mm). The Pt electrode was inserted 2.5mm
(DV+2.5mm) into the brain before being fixated with dental cement. The ground and reference
points were placed in the region above the cerebellum (posterior to the lambda). Nylon plastic
screws with holes were placed into the holes for ground and reference. The reference electrode
and a separate ground wire were inserted into the screws and then fixated using dental cement. The
left forepaw was stimulated using a current stimulator (1mA, 5ms, 10Hz, monophasic pulse) to
verify the position of the electrode. The benchtop response was recorded and filtered by Grass
Cp511 Amplifier.
The rat was placed in the prone position into the MRI after a successful electrode implant.
To better induce a clear hemodynamic response in R-S1FL the anesthesia method and dosage were
altered for the imaging session (0.03mg/Kg/h dexmedetomidine subcutaneously and 0.2-0.3%
isoflurane). The active, reference, and ground wires were pulled straight out and connected to the
device. The device placement and the general MRI setup was as described in the ECG/fMRI study
setup section. The rat’s vitals were monitored using Kent Scientific Oximeter and the isoflurane
was adjusted as needed.
2.7.6 MR-compatibility Study
The effects of wireless transmission on MRI quality was assessed through analyzing the tSNR
characteristics of the EPI image. An EPI sequence was used to acquire BOLD images while the
rat was administered forepaw stimulation. The fMRI imaging sequence recorded the BOLD
response in rat’s brain for two sets of experimental conditions. One condition included ECHO
operating normally (“ON”) and wirelessly transmitting dummy data to scanner receiver coil. In
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the second condition, ECHO was disconnected from its power supply (USB) and kept in the “OFF”
state. The correlation between forepaw stimulation and the BOLD response was calculated for
both conditions and compared. The animal and MRI setup for the study was as described in the
LFP/fMRI study without the neural implant. The MR-compatibility of the device itself was
assessed by placing ECHO in its holder directly in the ISO-center of the MRI. A phantom was
imaged to evaluate ECHO’s MR-compatibility. Care was taken to assure that both the phantom
and ECHO were encompassed in the FOV of the scan. Evaluating and comparing the PSD of the
control experiment, where ECHO was not placed inside the scanner, with that of the trials with
ECHO placed inside the scanner, provided insight into ECHO’s MR-compatibility.
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3. RESULTS

Benchtop Study
The benchtop test evaluated the performance of ECHO’s filters and amplifiers. The gain
test was carried out separately for the INA and the variable gain amplifiers. The INA’s actual
gain was 7.36dB (2.33x) as the input signal was 300mV and the INA output was 700mV (Figure
21). The cascaded variable gain amplifier’s actual gain was 54dB (501x). Figure 21 shows the
oscilloscope result where 1mV was inputted into ECHO and the output signal was 1.17V. 1.17V
included the 7.36dB gain provided by the INA, so 1170x was divided by 2.33 to give the gain of
solely the cascade variable gain amplifiers. The theoretical gains computed, and the actual gains
were within a 3% margin which is acceptable given the variations of the ICs and the resistors
(1%).
The frequency response of ECHO’s filters was evaluated to assure that the actual
frequency cut-offs were close to the intended (theoretical) cut-offs. The differential lowpass cutoff was evaluated by probing the INA output (Figure 22). The differential cut-off frequency was
computed to be 13.183kHz. Each second represented an order of magnitude increase in
frequency. Vpp/2 was 430mV and so the -6dB point was located at 215mV. The -6dB point was
found to be at 4.12s, so the associated frequency at this point was 13.183kHz (104.12). Using the
same type of computation, the active filter lowpass cut-off was 10.965kHz. The differential filter
cut-off had a discrepancy of 12%, while the active lowpass filter had a 9% difference. Given the
component variations, these results were acceptable and would perform well to filter and capture
the EP signals. Lastly, the gain switching was successfully tested by inputting a simulated ECG
waveform and providing a 1.32 square function to emulate the gradient trigger. The data was
received and displayed by the serial plotter application (Figure 20).
In vivo LFP recorded from rat S1FL using ECHO on the benchtop. The recorded LFP varied
with the level of anesthesia. Increasing the isoflurane concentration placed the rat into induce
deeper anesthesia. Under these conditions, the LFP signals showed characteristics of burst
suppression which validates that ECHO was accurately recording neural signal (Figure 23).
Furthermore, a forepaw current stimulus (1mA, 5ms, 10Hz) administered to the rat’s left forepaw
to induce a response in the right somatosensory cortex. The evoked response was clearly picked

37
up by ECHO with high SNR (Figure 23). This further validated that ECHO was able to record EP
signals with high SNR.

Figure 21: Oscilloscope screenshot of benchtop gain test of ECHO’s instrumentation amplifier (top) and variable
gain amplifiers (bottom).
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Figure 22: Oscilloscope screenshot of ECHO’s instrumentation amplifier (top) and active filter (bottom) output
evaluating the frequency response of their respective filters.

39

Figure 23: Rat LFP recorded in the benchtop experiment to evaluate ECHO’s ability to record high SNR
electrophysiological signals. Burst suppression results produced by varying the anesthesia level (top) and evoked
potential results produced by stimulating rat’s forepaw (bottom).

Phantom Study
The phantom study was used to evaluate and calibrate ECHO for the in vivo experiments. It
was important for ECHO’s pick-up coil to be placed within the MRI bore where the maximum
voltage was induced by the gradient pulses. The holder including the coils and ECHO were moved
along the z-axis of the MRI until the strongest induced voltage was observed. The strongest signal
was recorded between -7cm to -8cm off the ISO-center. This result was used to design the gradient
detection circuit as previously outlined in the ‘Gradient Detection Circuit’ section (Figure 16).
The wireless transmission was also evaluated during the phantom study. ECHO was supplied with
a simulated ECG signal which it amplified and digitized as per the algorithm discussed in the
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‘Adaptive Sampling Module’ section. The sampled signal was transmitted using a UHF transmitter
and embedded into the MR-image. The non-MR data (transmitted data) appeared as white marks
along the side of the phantom image. The FOV was extended to accommodate these non-MR data
without overlapping with the phantom image. The transmitted data was isolated from the MRimage data and reconstructed using the MATLAB script. The simulated ECG was reconstructed
and clearly shows distinct P, Q, R, S, and T waves (Figure 24).

Figure 24: Phantom image with simulated ECG data embedded into the FOV (top). Wireless transmission isolated
and reconstructed from MRI image (bottom).

In Vivo ECG/fMRI Study
The rat ECG was recorded using ECHO during concurrent fMRI imaging. The packaged
ECHO system with the holder and the coils were used to capture the EP data. The data was
transmitted via the USB and recorded by the serial plotter software (Figure 25). By using a single
repetition of the EPI sequence to image the rat brain, the fMRI image and the ECG data were easily
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synchronized based on the gradient trigger. The results presented in Figure 25 show the
comparison between the ECG recorded during and after the fMRI imaging. The ECG signals are
comparable and contain no overwhelming EM artifacts that ECHO’s analog and digital systems
properly adjusted the gain and sampled during the silent periods (plateau period). Furthermore, a
unique quality of magneto-hydrodynamics can be observed in these results. The ECG T-wave is
enlarged due to the strong static magnetic field generated by the MRI [41]. The colored slices are
aligned with some of the images acquired by the scan. No real correlation needs be drawn between
the ECG and BOLD response. These results are displayed to showcase the ability of ECHO to
record EP signal and not interfere with the fMRI scans.

Figure 25: In vivo rat ECG recorded during concurrent fMRI imaging. Colored sections highlight the ECG
recorded during fMRI imaging. ECG with white background recorded inside the MRI bore between imaging
sessions.

In Vivo LFP/fMRI Study
The rat evoked potential was successfully recorded by ECHO (Figure 26). The ECHO holder
and USB transmission were used in these experiments. The evoked response data was averaged
and correlated by the stimulation trigger to delineate the onset of the stimulation and the response.
To evaluate the efficacy of the multimodal data acquisition method, simultaneous fMRI image was
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acquired. The large BOLD response can be seen in the rat’s right somatosensory cortex after
correlating the fMRI data with the evoked potential data recorded by ECHO. The evoked response
study clearly establishes the significance of the proposed method as a simple and effective solution
for simultaneous neural-imaging and recording.

Figure 26: In vivo rat evoked potential (left) and BOLD signal (right) from multimodal imaging session.

MR-compatibility Study
A forepaw stimulation paradigm, similar to the one used for the LFP/fMRI study, was used to
evaluate the effect of wireless transmission on the MR-images. The correlation map between the
forepaw stimulation and the BOLD response was analyzed for the “ON” and “OFF” states. As the
device transmitted dummy data in frequencies visible to the receiver coil, it was critical to observe
how the additional non-MR signals affected the quality of the BOLD signal (MR-signal). The
BOLD response map in both the conditions were comparable and showed no drastic differences.
Thus, depicting qualitatively that there was no effect of MR-Link transmitter on MRI diagnostic
environment (Figure 27). Furthermore, the tSNR analysis quantitatively concluded that the
wirelessly transmitted data didn’t have deteriorating effects on the MR-image quality as the tSNR
for the “ON” and “OFF” sessions were comparable (Figure 27). The MR-compatibility of the
packaged ECHO system was also evaluated by imaging a phantom along with the holder assembly.
The PSD of the control and that of the trials were comparable (Figure 28). The PSD of the trial
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with ECHO was flat across all frequencies (white noise) as expected when imaging a phantom.
This quantitively showed that the physical device did not corrupt the MR data within the frequency
bandwidth of interest when observing physiological response. Further yet, ECHO was placed
within the FOV of the image for these trials which will not be the case in actual studies where
ECHO needs to be placed -7cm to -8cm off ISO-center (area interest during imaging).

Figure 27: BOLD response recorded with (ON) and without (OFF) wirelessly transmitted data (left). tSNR of both
sessions evaluated to compare the effects on fMRI signal quality.
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Figure 28: Power spectrum density of the MRI image with and without (control) ECHO placed inside the MRI bore
while imaging a phantom.
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4. DISCUSSION

A high performance and power-efficient system, ECHO, was developed through this thesis
project. ECHO utilized the MR-environment to help synchronize its EP recording and avoid
gradient artifacts. By performing local analog signal processing, ECHO removed the need for high
powered amplifiers and ADCs, driving down the cost of the system. Furthermore, a novel concept
of wireless transmission was showcased working alongside ECHO to transmit data through the
MR receiver coil. The idea of producing a completely wireless system holds great value in the
MRI/multimodal applications because this will increase the safety and performance of the
recording devices. Further refinements of ECHO and development of wireless powering
techniques need to be considered moving forward to produce a truly wireless platform. The results
obtained during this project show promise for this device as it is further developed and aimed for
human applications.

Hardware Development
The current ECHO hardware and software produced good results with artifact free EP signals.
The fMRI images which were acquired simultaneously were also artifact free and retained useful
information (Figure 27). These primary results show the validity of ECHO’s functionality and
effectiveness of the selective sampling method derived from Anami et. al. study [3]. Although,
further refinements can be made to ECHO’s hardware and software to improve its performance,
as well as reduce its size.
The analog system on ECHO was designed to create a simple and robust device to show proof
of concept. Effort was placed into balancing power-efficiency and performance when choosing
ICs to design the analog system. Although, some applications, such the gradient detection circuit
did not require the level of performance which its op-amps and INA provided. On the other hand,
the active filter and amplifier modules could have benefited from better performance ICs at the
cost of greater power consumption. Thus, the primary future refinement needs to focus on
redesigning the hardware modules on ECHO based on specific needs of each module which are
better understood after the evaluation of the first prototype in this project. More power can be
conserved on modules which require lower performance ICs. The saved power can be redirected
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to further increase the performance of the modules highlighted earlier in the discussion. In addition,
to refining the ECHO hardware, different avenues of maintaining the analog system also need to
be explored. Currently, ECHO uses gain switching to shift between a high gain mode and a high
attenuation mode to avoid saturating its amplifier during periods when gradient pulses induce
artifacts. This method has proven to be valid as it limited the signal swing by severely attenuating
the artifact corrupted signal. Another technique which offers similar results is the slew rate limiter
method [17]. This method is more complicated and sensitive to component variations. The design
of the parameters of the slew rate limiter need to be carefully analyzed to achieve a stable system.
Although, it directly offers an avenue to control the rate of signal change of the analog signal. This
can help reduce artifacts and possible provide better results if implemented correctly. Further
experimentation and design efforts are needed to improve ECHO’s performance.

Software Development
Currently, the onboard microcontroller is mainly tasked with toggling GPIOs and triggering
ADC conversions. There is potential to expand the microcontroller’s role to perform digital signal
processing and utilize the gradient detection circuit for more than just triggering the ADC sampling.
Certain filters in the analog domain are difficult to implement due to component variation or just
the increase in complexity of the overall circuit. An example is the notch filter. It is difficult to
implement an accurate notch filer with one op-amp. Most high precision notch filters require at
least two op-amps (Fliege topology) in addition to extra buffering stages. Such filters can be more
conveniently be implemented in the digital domain using FIR or IIR filters which can provide realtime performance. Next iteration of the ECHO software can explore implementing digital filters
to further reduce frequency specific noise such as power line noise. Further yet, there is potential
to use the signal from the raw pick-up coil to create a FIR filter which can actively filter gradient
artifacts. Similar methods are employed during post-processing in many multimodal studies [12].
These studies model the three-dimensional gradient changes as an LTI (linear time invariant)
system and generate an estimated signal. Subtracting the estimated signal from the acquired EP
signals provides reduction in gradient artifacts. These software solutions can provide improved
performance without increasing the hardware complexity or the device footprint.
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Wireless Development
There is a need to further develop ECHO’s wireless modules to fully take advantage of the
MR-environment and the powerful MRI hardware. Not only will a completely wireless system
improve the system performance and safety as previously discussed, but it will also add to its plug
and play functionality. This project showcased how data from ECHO could be transmitted
wirelessly through the MRI receiver coil and be reconstructed with high SNR. In this project, only
single channel data was transmitted, but it is desired to capture EP data from multiple channels in
neural studies (EEG). The multiple channels can be accommodated by providing each channel
with a unique carrier frequency which does not overlap with the image or the data transmitted by
other channels. Although, this transmission method is limited by the bandwidth the MRI FOV.
The FOV was extended along the readout direction to accommodate the wireless, non-MR, data,
but if we want to transmit at a higher bandwidth and pack in more channels, the FOV would need
to be further expanded. This is a poor solution because overly enlarging the FOV can reduce the
MRI resolution and thus the quality of the MRI image. An alternative approach can utilize dueltuned receiver coils. The EP data can be transmitted at frequency used for proton imaging and
visible to X-nuclear coils. The MRI imaging sequence would need to accommodate functionality,
but this can free the recording system from synchronizing its transmission with the EPI gradient
pulses. Additionally, the transmitting over a different coil would provide a greater bandwidth to
embed more channel data and remove the risk of corrupting the MRI image as the RF transmission
would not be visible to the MRI receiver coil.
In addition to improving the wireless transmission and exploring new avenues to
accommodate greater number of channels, ECHO will also need to be powered wirelessly to
completely make it a wireless device. Careful consideration must be given when designing the
powering circuity as the operation of these systems can affect the MRI’s operation. There is
currently a large interest in developing wireless receiver coils for MRI imaging. These coils are
powered wirelessly by a secondary transmit channel breakout from the MRI. The power is
delivered at 10MHz, so it does not interfere with the MRI imaging [9]. This method provides a
unique solution to wireless power inside the MRI, but it requires special modification to the MRI
hardware to provide power. Although, this solution is being implemented by many research groups
and could be a viable option if the technique matriculates into a manufactured MRI scanner.
Another method, which is less invasive is to use the gradient fields to harvest energy inside the
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MRI [20]. This method does not need any special channel breakouts or modifications to the MRI
hardware. Instead it simply harvests power from the changing magnetic fields inside the MRI bore.
Although, this method cannot harvest the same amount of power as that harvested by the method
previously presented. These different wireless powering solutions offer a starting point to further
investigate the best solution for a device like ECHO.

Conclusion
Moving forward, the goal for the technologies demonstrated through the development of
ECHO is to further develop them to be suitable for human application. As the hardware, software,
and wireless modules of ECHO become further refined, it will be paramount to design an ASIC
(application specific integrated circuit). Moving onto ASIC design will further improve the
systems performance as more design options are available when working at the transistor level.
Furthermore, an ASIC solution would reduce the footprint of the device, allowing for greater
density recording. This is will provide great value to recording EP signals during concurrent fMRI.
In addition, greater efforts will need to be placed on designing electronics for patient safety. The
level of safety the device provides is as important as its performance. Currently, the RLD and
passive filter provide a certain degree of protection for the subject in the experiments conducted
for this project, but isolated power supplies and proper power management systems will need to
be incorporated for human application.
ECHO is a cost effective and miniaturized system which was shown to deliver high quality
EP recordings during simultaneous fMRI imaging. The studies used to evaluate ECHO were
carried out on a 7T scanner at its maximum slew rate of 200mT/m. The EM artifacts were
minimized through the unique adaptive sampling paradigm implemented onboard ECHO.
Furthermore, ECHO presents the opportunity of creating a more efficient system through the
validation of its wireless transmission module. The aim is to fully utilize the surplus MR-hardware
to work with ECHO, instead of working against it. The MRI provides a powerful digitizer and
receiver capabilities, in addition to a strong magnetic field which can be harvested for power.
ECHO is the first prototype in the quest to develop a fully MR-integrated multimodal imaging
platform which will make this imaging technique more accessible and proficient. The success of
the current research project will open new door in the field of neuroscience better understand the
brain and the diseases which afflict it.
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